The biologic role of calcium and guanosine 3': 5'-monophosphate (cyclic GMP) The precise mechanism of the neutrophil-calcium interaction is presently not well understood. However, the finding that 0.5-1.0 MM A-23187 also provoked a rapid association of extracellular calcium with neutrophils suggests that calcium mobilization into the intracellular environment may account, at least in part, for this association between cells and calcium. The close temporal relationship between f3-glucuronidase secretion, cyclic GMP accumulation, and calcium mobilization during cell contact with membrane active agents such as immune reactants, acetylcholine, and ionophores suggests that these three cellular events bear a cause and effect relationship. On the basis of our findings to date, we propose that the immunologic secretion of lysosomal contents from human neutrophils is signaled by intracellular cyclic GMP and that extracellular calcium, by gaining access to the intracellular processes responsible for cyclic GMP accumulation, serves as the link to stimulus-secretion coupling.
in the presence of calcium, enhanced the immunologic stimulation of cyclic GMP accumulation and lysosomal enzyme discharge. A marked and rapid association of 45CaCl2 with neutrophils occurred during cell surface contact with zymosan-treated serum, and this effect on calcium association was enhanced with 0.1 IAM acetylcholine.
The precise mechanism of the neutrophil-calcium interaction is presently not well understood. However, the finding that 0.5-1.0 MM A-23187 also provoked a rapid association of extracellular calcium with neutrophils suggests that calcium mobilization into the intracellular environment may account, at least in part, for this association between cells and calcium. The close temporal relationship between f3-glucuronidase secretion, cyclic GMP accumulation, and calcium mobilization during cell contact with membrane active agents such as immune reactants, acetylcholine, and ionophores suggests that these three cellular events bear a cause and effect relationship. On the basis of our findings to date, we propose that the immunologic secretion of lysosomal contents from human neutrophils is signaled by intracellular cyclic GMP and that extracellular calcium, by gaining access to the intracellular processes responsible for cyclic GMP accumulation, serves as the link to stimulus-secretion coupling.
Recent reports from this laboratory indicated that the immunologic secretion of lysosomal enzymes from human neutrophils can be modulated by autonomic neurohormones, prostaglandins, glucocorticosteroids, and cyclic nucleotides (1) (2) (3) (4) (5) (6) . Guanosine 3' :5'-monophosphate (cyclic GMP) and pharmacologic agents that elevated neutrophil levels of cyclic GMP (acetylcholine, prostaglandin F2a) stimulated, whereas adenosine 3' :5'-monophosphate (cyclic AMP) and agents that elevated cyclic AMP levels (epinephrine, prostaglandins Ei, A1, A2) inhibited lysosomal enzyme secretion during cell contact with phagocytizable and nonphagocytizable immune reactants. These experimental findings support the "Yin and Yang" concept of bioregulation of cell function as proposed originally by Goldberg et al. (7), whereby cyclic GMP and cyclic AMP elicit opposing actions in bidirectionally regulated biologic systems (8) (9) (10) . In view of the requirement of extracellular calcium for lysosomal enzyme secretion from human neutrophils (11, 12) , we sought to ascertain the role of calcium in this model of stimulus-secretion coupling.
Immunologic secretion of lysosomal contents from human neutrophils is probably mediated by intracellular cyclic GMP, as a variety of immune reactants provoked cyclic GMP accumulation and a concomitant discharge of lysosomal enzymes in the presence of calcium (12) . The rapid accumulation of cyclic GMP may be associated, among other factors, with guanylate cyclase stimulation. Calcium has been reported to stimulate guanylate cyclase activity (13, 14) , and to influence cyclic GMP formation (15, 16) in other tissues. Extracellular calcium may gain entry into neutrophils, in light of recent reports that calcium influx into mast cells is associated with allergic histamine discharge (17) . In fact, increased radiocalcium uptake into other secretory cell accompanies secretion of packaged intracellular constitueat (18) , and this sequence of events has been termed stimulussecretion coupling, whereby calcium serves as the link between these two processes (19 Neutrophils were used 30 min after preparation of the final suspensions, which were maintained at 26-27'. In each experiment the reactions consisted of 1.0 ml of neutrophil suspension (5 X 106 cells) in a total volume of 1.0-1. This increase in calcium association with cells, whether it is influx and/or adsorption, has been termed the calcium concentration in Table 1 (2, 3, 11, 12) . Therefore, our attention was directed toward the interaction or association of extracellular calcium with human neutrophils.
Interaction of Extracellular Calcium with Human Neutrophils. Incubation of neutrophils in Hanks'-glucose containing 45CaCl2 resulted in a time-and temperature-dependent association of radioactivity with the cells (Table 3) . For (Fig.  1) suggests that calcium permeates these cells. In addition, ZTS and ZTS plus acetylcholine provoked a rapid association of extracellular calcium with neutrophils (Fig. 2) . A soluble rather than particulate immune reactant was employed in order to avoid the complex interpretations associated with particle, and thus extracellular medium, internalization. Human Neutrophils. Recent studies from this laboratory revealed that particulate immune reactants provoke cyclic GMP accumulation in, and a concomitant lysosomal enzyme discharge from, human neutrophils during particle ingestion (2, 3, 12) . The data in Figs. 3 and 4 illustrate that a particlefree immune reactant (ZTS) also produced the same effects in the absence of particle ingestion. Further, 0.1 /AM acetylcholine enhanced the effects of ZTS on both cyclic GMP accumulation ( Fig. 3 ) and 0-glucuronidase secretion (Fig. 4) .
Basal levels of cyclic AMP in neutrophils (3-9 pmol per 106 cells) did not change during cell contact with ZTS or ZTS plus acetylcholine. The similar action of A-23187 and ZTS on calcium association with neutrophils prompted an analysis of the effect of the ionophore on the cellular levels of cyclic GMP. A-23187 provoked cyclic GMP accumulation (Fig. 3) , which, once again, was accompanied by fl-glucuronidase secretion (Fig.   4 ). In this regard we wish to emphasize the time course of changes in calcium association ( Figs. 1 and 2) , cyclic GMP accumulation (Fig. 3) , and fl-glucuronidase secretion (Fig. 4) .
Neutrophil calcium concentration and cyclic GMP accumulation increased within 1 min of addition of ZTS, ZTS plus acetylcholine, or A-23187 (Figs. 1, 2, and 3) . Note that the greater the effect on calcium concentration by a given stimulus the greater was the effect on cyclic GMP accumulation ( Fig.   3 ) and j#-glucuronidase secretion (Fig. 4) . Beta-glucuronidase discharge provoked by ZTS occurred by 2 min rather than within 1 min. A-23187 elicited a much greater effect on enzyme release at 2 min than at 1 min. Thus, cyclic GMP appears to accumulate before f3-glucuronidase is secreted.
DISCUSSION
Experimental evidence obtained in this laboratory suggests that cyclic GMP and calcium are involved in mediating, whereas cyclic AMP signals the inhibition of, the immunologic secretion of lysosomal enzymes from human neutrophils (2, 3, 12, 20) . Extracellular calcium is required for both cyclic GMP accumulation in and lysosomal enzyme discharge from neutrophils (11, 12) . The data in the present report illustrate that contact of human neutrophils with a soluble immune reactant (ZTS) or a divalent cation ionophore (A-23187) provokes three cellular events: (1) increased association (influx and/or adsorption) between extracellular calcium and neutrophils, (2) accumulation of cyclic GMP, and (3) lysosomal enzyme secretion. A detailed analysis of the time course of appearance of these three cellular events suggests that they bear a cause and effect relationship to one another. For example, membrane active agents may promote mobilization of calcium into the cell, whereupon the calcium may cause the accumulation of cyclic GMP which, in turn, signals the secretion of lysosomal contents. Extracellular calcium is required for, and may be taken up by mast cells during, the allergic discharge of mast granule contents (17, 21) . Similarly, earlier studies indicated that rabbit polymorphonuclear leukocytes concentrate extracellular calcium under certain experimental conditions (22) . Results of the present studies suggest that calcium mobilization into neutrophils is a consequence of cell surface contact with agents that provoke lysosomal enzyme secretion. Accumulation of calcium within the neutrophil might be facilitated by the presence, at 6 to 30 times the concentration in the extracellular environment, of potential calcium-binding molecules such as phosphate, nucleotides, amino acids, and reducing sugars (23) . Calcium plays a definite but not well understood role in stimulussecretion coupling in various secretory cells (18) . Calcium may serve as the link between the stimulus (immune reactant) and secretion in neutrophils by activating intracellular huanylate cyclase. Guanylate cyclase activation by calcium gas been reported (13, 14) . This concept is supported further by the findings that A-23187 promoted calcium association with, cyclic GMP accumulation in, and ,3-glucuronidase secretion from human neutrophils. Thus, immune reactants that trigger lysosomal enzyme secretion may operate essentially as specific divalent cation ionophores.
The cell model depicted in Fig. 5 represents our current working hypothesis on the bioregulation of lysosomal enzyme secretion from human neutrophils. Cyclic GMP and cyclic AMP are visualized as second messengers which control dephosphorylating and phosphorylating reactions, respectively, involving one or more intracellular organelles. Some, but not all, of the essential enzymatic machinery postulated for neutrophils has been identified. For example, hormoneresponsive adenylate cyclase (24), a cyclic AMP-dependent protein kinase (25) , and soluble guanylate cyclase (preliminary observations in our laboratory) have been identified. Several aspects of this cell model have yet to be worked out, and these include the subcellular distribution of calcium after influx, stimulation of guanylate cyclase by calcium, the existence of a cyclic GMP-dependent phosphoprotein phosphatase (and possibly a cyclic GMP-dependent protein kinase), cyclic AMP-stimulatable phosphorylation, and cyclic GMP-stimulatable dephosphorylation of common intracellular organelles and/or the plasma membrane.
